Materials and Methods
Degenerate PCR and cDNA library screening. Degenerate PCR primers were designed based on consensus sequences in vertebrate opsins. The successful primers were 5'-CTGAACTACATC(C/T)TGGT(C/G)AACCT-3' (forward, second transmembrane domain) and 5'-CGGAACTGTTTGTTCATGA(A/C/G)GAC-3' (reverse, seventh transmembrane domain).
The cDNA libraries were constructed in Lambda ZAP II Vector (Stratagene) using poly(A) + RNA from side-blotched lizard (Uta stansburiana) parietal and lateral eyes, respectively. From degenerate PCR on the cDNA libraries, we found partial cDNA fragments of pinopsin in the parietal eye, and RH2 in the lateral eyes. These degenerate-PCR products were used to synthesize DNA probes for library screening, yielding full-length clones of pinopsin from the parietal eye and of five rod and cone opsins (except for the long-wavelength-sensitive opsin, which was 5'-truncated) from the lateral eyes. Parietopsin was isolated by library-screening with zebrafish VAL opsin (coding region nts 779-1128 (S1)), which is divergent from other opsins.
For other phototransduction constituents, we used probes derived from DNA fragments (~500 bp) for mouse rod transducin (G t1 α), G o , G i , G olf , Gα12, Gα15, Gz, Gβ1, Gβ5, Gγ13, PDEα', PDEγ, human CNGA1, and rat RGS9, for low-stringency screenings of both cDNA libraries. The GenBank accession numbers for all identified clones were summarized in table S2.
1 Sequence alignment and phylogenetic analysis. Sequence alignments were conducted with the ClustalW Alignment program (MacVector 7.2, Accelrys). Phylogenetic analysis was based on multiple protein sequence alignments by ClustalX (1.83) and performed with the Molecular Evolutionary Genetics Analysis (MEGA), Version 3.0 (http://www.megasoftware.net) using the Neighbor-Joining method on the Parsim-Info sites, with bacteriorhodopsin as an outgroup. The tree was condensed at bootstrap probability ≤ 50%, based on 1000 replicates. Immunohistochemistry. We generated specific antibodies against lizard pinopsin, parietopsin, cone transducin-α, and gustducin-α. Peptides corresponding to the last 20 residues of lizard pinopsin and parietopsin, and residues 97-116 of cone transducin-α and gustducin-α (see fig. S1 and fig. S4 ) were synthesized (Princeton Biomolecules). Thyroglobulin-conjugated peptides were used to immunize rabbits (for pinopsin, cone transducin-α, and gustducin-α) or rats (for parietopsin) (Covance Research Products). Rabbit antisera were purified by peptide-2 affinity columns and diluted 1:10 (pinopsin and gustducin-α) or 1:100 (cone transducin-α) before use for immunostaining. Rat antiserum against parietopsin or the preimmune serum was diluted 1:100 before use. The specificity of the antibodies against lizard pinopsin and parietopsin was further verified by immunostaining on transfected HEK293 cells ( fig. S3 and legend) .
The isolated parietal and lateral eyes were fixed in 4% paraformaldehyde at 4°C for 2 hours, and cryoprotected in 30% sucrose before being embedded and frozen in OCT (TissueTek). Cryostat sections (5 µm for parietal eye and 10 µm for lateral eye) were blocked (1X PBS/ 5% normal goat serum/ 0.3% Triton X-100) for 1 hour at room temperature, then incubated with the primary antibody overnight at 4°C. Besides our own primary antibodies, we used others, including: rhodopsin (B630 and 1D4), 1:500 dilution; chicken green opsin (CERN874, which recognizes lizard RH2 (S2)), 1:1000; transducin (TF15, Cytosignal), 1:500; G o (K-20, Santa Cruz Biotechnology), 1:500; human Gβ1 (β-636), Gβ3 (β-638) (S3) and bovine cone Gγ (γ-5893-AS) (S4), 1:300; bovine Gγ1 (PAB-00901-G, Cytosignal), 1:500; rod PDEγ (#9710 from R. Cote), 1:300; mouse Gγ13 (#4897 from R.R. Reed), 1:200. Labeled sections were washed three times in 1X PBS/0.3% Triton X-100, then incubated with the secondary antibodies for 1 hour at room temperature. After three more washes in 1X PBS, the sections were mounted with Vectashield medium containing DAPI nucleus stain (Vector Laboratories) and examined by confocal microscopy.
Absorption spectrum. The coding region of lizard pinopsin or parietopsin with a Cterminal 1D4 tag (last 9 amino acids of bovine rhodopsin) was introduced into a eukaryotic vector. 400-µg plasmid DNA was used to transfect 40 dishes (100-mm diameter) of HEK293s cells with the calcium-phosphate method. Two days after transfection, the cells were collected by centrifugation and incubated in darkness with excess 11-cis-retinal overnight to reconstitute the pigment. The pigment was extracted with 1% (w/v) dodecyl β-D-maltoside (DM) in buffer A 3 (50 mM HEPES, pH 6.5; 140 mM NaCl), bound to 1D4-agarose, washed with buffer B (0.02% DM in buffer A), and eluted with 650-µl buffer B containing the C-terminus nona-peptide of bovine rhodopsin. Absorption spectrum of purified parietopsin was recorded at 0ºC with a Shimazu UV2400 spectrophotometer, as described (S5).
Whole-cell recordings. Parietal eyes were dissected from the pithed lizard under infrared light and subjected to a series of enzymatic treatments, including collagenase (CLS1, 2.5 mg/ml; Worthington) and pronase (2 mg/ml; Boehringer) in CO -independent medium (CIM; Life Technologies), followed by 2 trypsin (2 mg/ml; Sigma) in Ca -free medium, as described (S6).
The tissue was triturated gently with glass pipettes with progressively smaller diameters (500−50 2+ µm). The dissociated cell suspension was plated on a glass coverslip pretreated with concanavalin A (Sigma). Owing to the technical difficulties from the small cell sizes (4-6 µm in soma diameter), gigaseals were made under dim microscope light (S6). After 10 min in darkness, membrane breakthrough was made to achieve whole-cell recording. Membrane potential was clamped at −45 mV. The recording chamber was continuously perfused with CIM at 0.7−0.8 ml/min at room temperature. Mastoparan or Mas-17 (Calbiochem) was dissolved in pseudointracellular solution in the recording pipette (in mM): 10 KCl, 120 K-gluconate, 5 MgCl , 1 Na-EGTA, 10 K-HEPES, 3 Na ATP, 1 Na GTP, pH 7.4) 2 2 2
. The light stimuli were unattenuated white (uncalibrated) or monochromatic light at 480 nm (4.1 × 10 photons µm ) or 520 nm (9.6 × 10 photons µm ), 1 sec in duration in all cases. 
Supplementary Discussion
Parietal-and lateral-eye-specific opsins PCR analysis of the lizard parietal-eye cDNA library with specific primers indicated that only pinopsin and parietopsin, but not the lateral-eye opsins, were expressed in the parietal eye ( fig. S2, left panel) . Likewise, the lateral eyes expressed only the rod and cone opsins ( fig. S2 , right panel). Interestingly, in the course of our cDNA library screening, we also found one partial RH2 clone from the parietal-eye cDNA library, which seemingly contradicted with the above PCR result. We reasoned that the expression level of RH2 might be too low in the parietal eye to be detected in our PCR condition (40 cycles of amplification). To investigate whether RH2 was translated in the parietal eye, we stained the parietal-eye sections with a polyclonal antibody that labels RH2 of lizard origin (S2). Although we observed positive signals in the lateral-eye photoreceptors, we did not see any labeling in the parietal eye (not shown). Because our PCR aimed to demonstrate the dominant opsin species, we did not exclude that some lateral-eye opsin genes might be transcribed at a very low level in the parietal eye. This could also explain the discrepancy between our results and an earlier study on American chameleon opsins (S7). The authors performed Southern blotting of RT-PCR products with a mixture of opsin probes, with which they detected the expression of pinopsin and three other lateral-eye opsins (SWS1, SWS2
and LWS) mRNAs in the parietal eye. Nonetheless, it was not reported whether these PCR products had the appropriate sequences and whether full-length mRNAs were present in the tissue.
5 λ max with A 2 chromophore
It has been reported that some lizards may use A 2 chromophore (11-cis-3,4-didehydroretinal) or a mixture of A 1 and A 2 chromophores for their pigments (S8, S9) . For a given opsin, the A 2 pigment tends to have a λ max at somewhat longer wavelength than the A 1 pigment (S10). If the side-blotched lizard in our study does use A 2 -retinal in the parietal eye, the λ max of parietopsin in the native photoreceptor will shift from 522 nm to 550 nm (data not shown). Correspondingly, the λ max of pinopsin may shift from 482 nm to 499-503 nm (S11).
Inhibition of cGMP-phosphodiesterase by G o
How G o acts in the parietal-eye photoreceptor is still unclear. Because activated G o α also binds to PDEγ but does not activate PDE (S12), G o α may act as a competitive inhibitor of gustducin-α. The affinity between gustducin-α and PDEγ is unknown, but that between its close relative, transducin-α, and PDEγ is high (dissociation constant K d < 0.1 nM), much higher than between G o α and PDEγ (K d ~ 1 µM), at least in vitro (S12). Moreover, there appears to be a relative abundance of gustducin-α over G o α, at least at the cDNA level (not shown). Thus, a competitive inhibition by G o α is perhaps unlikely. An alternative mechanism would be for G o to act via another effector. PDEγ has been shown to be a substrate for phosphorylation, with the phosphorylated form showing a much weaker affinity for activated transducin (S13-S17). Thus, potentially, G o can antagonize gustducin by inducing phosphorylation of PDEγ.
Gustducin but not transducin in the parietal-eye photoreceptor
Why does the parietal-eye photoreceptor use gustducin instead of transducin for phototransduction? In the parietal-eye photoreceptor, which relies on the inhibition of a 6 phosphodiesterase instead of the activation of a guanylate cyclase to elevate cGMP and produce a depolarizing response (S6), the phosphodiesterase has to be active in darkness. In principle, the basal phosphodiesterase activity may originate from spontaneous activity at any stage in the phototransduction cascade: phosphodiesterase, G protein or the pigment. In the parietal-eye photoreceptor, a basal phosphodiesterase activity driven by an active G protein in darkness has been found (S6), thus implicating the pigment or the G protein as the source of constitutive activity. Because spontaneous thermal activation appears to be predominant for longwavelength-sensitive pigments (S18) and pinopsin is a short-wavelength-sensitive pigment, the thermal isomerization of pinopsin is perhaps too week for driving the basal phosphodiesterase activity. This leaves the G protein as the source. As it turns out, gustducin appears to have higher basal GTP-binding activity than transducin (S19), making it appropriate for the task. Tables   Table S1 . Percentage amino-acid identities from pair-wise alignments of lizard (Uta) parietopsin, pinopsin and rod/cone opsins (except for LWS, because it is 5'-truncated) with parapinopsin and VA from other species. The LWS opsin from another lizard (Anolis) was included. Abbreviations: PtOP, parietopsin; PpOP, parapinopsin; VA, vertebrate ancient opsin;
LWS, long-wavelength-sensitive opsin; SWS, short-wavelength-sensitive opsin; RH, rhodopsin.
GenBank accession numbers are the same as those shown in Fig. 1A G gust α, gustducin-α; G t1 α, rod transducin-α; G t2 α, cone transducin-α; PDE, phosphodiesterase;
CNG: cyclic-nucleotide-gated channel; RGS, regulator of G-protein signaling.
Parietal eye Lateral eye Opsin
Pinopsin ( # Using mouse Gγ13 cDNA as probe, we also identified this subunit in both parietal-and lateral-eye cDNA libraries, and it showed 86% identity in amino acid-sequence to mouse
Gγ13. Gγ13 has previously been found to co-localize with Gβ3 in gustducin-positive taste receptor cells (S21) and in retinal ON bipolar cells (S22), which express G o (S22, S23) . An antibody against mouse Gγ13 did not label the parietal-eye photoreceptor, but this result was inconclusive because the same antibody also did not label the bipolar cells of the lizard lateral eye (data not shown).
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